Abstract π-Conjugated rod-like molecules have proven to be powerful candidates for the generation of well-defined nanostructures with interesting optical and optoelectrical properties. Their synthesis, however, turns out to be rather complex in some cases. Here, we have optimized the synthesis of oligomers consisting of thiophene and phenylene groups with three or four aromatic units using a direct arylation approach, which allows us to use cheap starting materials and to minimize the number of reaction steps considerably.
Introduction
The use of rod-like π-conjugated organic oligomers 1, 2 in the synthesis of organic materials has witnessed a tremendous development recently due to their interesting optical, electrical and optoelectrical properties and their high tendency towards self-aggregation processes. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Among these, para,para'-functionalized oligophenylenes bearing various substituents have been found to self-assemble into well-defined, mutually aligned fiber-like nanostructures upon vapor deposition onto a freshly cleaved mica surface. 13 Changing the molecules' chain length and substitution pattern does not only have an effect on the electrical and optical properties on the molecular level, but also on the self-aggregation and the physical properties of the nanostructures. 14, 15 However, this approach asks for oligomers of four or more aromatic units in order to have a vapor-pressure in the right regime to allow sublimation under ultra-high vacuum conditions (≤ 10 −7 mbar) whereas oligomers containing only three aryl units are usually too volatile under these conditions. Another well-established way to obtain nano-structured surfaces is the use of porous templates. 16 Here, the organic molecules are deposited from solution in the pores of an alumina template. After selectively dissolving the alumina layer, the surface is covered with upstanding nanowires. An important requirement for this procedure is an adequate solubility of the used molecules. Non-substituted or only para,para'-substituted quaterphenylenes or even longer oligomers hardly fulfill this requirement since they are barely soluble. The synthesis of hybrid compounds containing different kinds of aromatic rings is a common approach to fine-tune the chemical and physical properties of π-conjugated molecules. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In this respect, the combination of phenylenes and thiophenes has proven to be very successful in order to access optoelectronic devices with improved properties. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Compounds that are exclusively functionalized in position 4 of a terminal phenyl group and/or in position 2 of a terminal thiophene unit, however, are fairly rare, although they are also very promising candidates for the formation of nanoaggregates. Therefore, we started to develop a general approach for the synthesis of thiophenyl-phenylenes hybrid oligomers containing a total of three aromatic units and (at least) one biphenyl group as a reasonable compromise between interesting optical and optoelectronical properties on the one hand and solubility on the other hand.
Results and Discussion
A direct functionalization of the parent structure, 2-(biphenyl-4-yl)thiophene, is rather difficult, especially with regard to regioselectivity in the phenylene part. Therefore, it is wiser to introduce the functional groups into suitable precursors before the desired π-conjugated oligomer skeleton is formed, e.g. via transition metal cross-coupling approaches. 29 Especially the Suzuki-, Kumada-, and Stille-reaction have been successfully employed in this context. [30] [31] [32] [33] [34] Following this approach, however, asks for the synthesis of either a 4'-substituted 4-iodobiphenyl and a 2-functionalized thiophene-5-yl boronic acid or stannyl derivative or vice versa. Depending on the nature of the additional substituents this might be quite tedious. Nevertheless, we followed this approach but the results of some Suzuki-cross coupling reactions were quite unsatisfactory in our hands despite various optimization steps. In fact, only one compound could be synthesized in a satisfying yield of 50% using a Buchwald-ligand 35 (Scheme 1).
Hence, we decided to explore the potential of direct arylation 36, 37 as the key step to establish the desired π-conjugated oligomer skeleton. In fact, this turned out to be very successful since we could synthesize a vast number of different compounds from cheap starting materials in only a few reaction steps. Our route started with the synthesis of 4'-substituted 4-iodobiphenyls from 4-iodoaniline. Therefore, we followed a three-step protocol that we reported earlier (Scheme 2). 38 These 4'-functionalized-4-iodobiphenyls were subsequently used in direct arylation reactions with 2-substituted thiophenes. In the literature, some synthetic approaches using Heck-reactions in the cross-coupling of functionalized thiophene-rings are described. Lavenot et al., 40 e.g., described a protocol for Heck-reactions that they could apply for the direct arylation of activated thiophenes, using classical reaction conditions (palladium(II) acetate and tetrabutylammonium bromide). 41 Adopting this protocol for our synthetic approach, we were able to synthesize 2-(biphenyl-4-yl)-5-cyanothiophene, but the reaction yield turned out to be unsatisfactory. Thus, we tried to find a better alternative.
In a next step we tested a protocol reported by A. Mori et al. [42] [43] [44] who were able to couple 2-bromothiophenes with aryl iodides: the 4'-functionalized 4-iodobiphenyls were reacted with 2-functionalized thiophenes using 5 mol-% [PdCl 2 (PPh 3 ) 2 ], PPh 3 , potassium fluoride, and silver nitrate as the catalytic system to obtain the thiophenylphenylenes in moderate to acceptable yields of 58% (9) and 33% (10) (Scheme 3). Whereas the solubility of 9 is sufficient for purification via column chromatography, 10 was purified by filtering the precipitated product and repeatedly washing with various solvents.
Scheme 3 Synthesis of 2-thienylphenylenes according to a protocol by A. Mori
However, the synthesis of compounds with other substituents than a bromine atom or a 2-thienyl group still turned out to be either unsatisfactory or impossible. Therefore, we also tested conditions published by Greaney et al. who reported about the successful use of [Pd(dppf)Cl 2 ], PPh 3 , and Ag 2 CO 3 in the arylation of thiazoles. 45 Adopting this strategy for our synthetic purpose, we were able to synthesize several thiophenylphenylenes with good to excellent yields (Scheme 4). However, it is important to note that we had to extend the reaction time up to seven days to obtain satisfying yields.
Scheme 4
Synthesis of 2-thienylphenylenes according to a protocol by M. F. Greaney et al.
Conclusions
In conclusion, we have developed two reliable protocols for the synthesis of nine functionalized 2-thienylphenylenes with three or four aromatic units and a broad variety of functional groups by employing a Heck-reaction to establish the π-conjugated oligomeric backbone. All reactions were optimized with regard to reaction yields. In all cases, we were able to isolate the desired compound in sufficient purity. All compounds have interesting optical and optoelectronical properties and are promising candidates for the formation of nanostructures via a templatemethod which will be examined in due course.
Experimental Section
General. Solvents were dried, distilled and stored under argon according to standard procedures. Reactions with air-and moisture-sensitive transition-metal compounds were performed under an argon atmosphere in oven-dried glassware using standard Schlenk techniques. Thin-layer chromatography was performed on aluminum TLC plates (silica gel 60) from Merck and the products were visualized under UV-light (254 or 366 nm). Products were purified by column chromatography on silica gel 60 (70-230 mesh or 230-400 mesh) from Merck. 1 H-NMR and 13 C-NMR spectra were recorded at 298 K on a Bruker AM 400 spectrometer operating at 400. 4 ] were purchased from SigmaAldrich, Alfa Aesar, ABCR, or Acros Organics and used as received. 38 4-iodo-4'-methoxybiphenyl (6), 38 4-chloro-4'-iodobiphenyl (7), 38 and 4-cyano-4'-iodobiphenyl 38 were prepared according to published procedures. 
2-(Biphenyl-4-yl)-5-chlorothiophene (1)
.
2-(Biphenyl-4-yl)-thiophene-5-carbonitrile (11).
Silver carbonate (494 mg, 1.79 mmol), [Pd(dppf)Cl 2 ] (29 mg, 0.04 mmol), PPh 3 (24 mg, 0.09 mmol), 4-iodobiphenyl (300 mg, 1.07 mmol), and 2-cyanothiophene (97 mg, 0.89 mmol) were reacted according to GP2 to give the desired product as a yellow amorphous solid after purification by column chromatography on silica gel using petroleum ether/ethyl acetate (9:1 v/v) as eluent. Yield: 172 mg (74% 
2-(4'-Methoxybiphenyl-4-yl)-5-nitrothiophene (15

